It is known that 132 integrins are crucial for leukocyte cell-cell and cell-matrix interactions, and accumulating evidence now suggests that integrins serve not only as a structural link but also as a signal-transducing unit that controls adhesion-induced changes in cell functions. In the present study, we plated human neutrophils on surface-bound anti-132 (CD18) antibodies and found that the small GTPbinding protein p2lras is activated by 132 integrins. Pretreat Integrins constitute one of the major families of cell surface receptors that mediate cell-cell and cell-matrix adhesive interactions (1-3). These adhesive interactions play critical roles in migration, proliferation, and differentiation of different types of cells (2-4 (17). For example, the association of the adaptor protein GRB2 and the p2lras guanine nucleotide exchange factor (GEF) SOS with focal adhesion proteins suggests that integrins may regulate the activity of p21ras (4, 17, 18) . This finding, together with the growing list of p2lras effectors (e.g., PtdInsP3 kinase and the small GTP-binding proteins Rac and Rho) implies that p2lras may play a central role in integrin-mediated cell signaling (19-23).
anti-132 (CD18) antibodies and found that the small GTPbinding protein p2lras is activated by 132 integrins. Pretreatment of the cells with genistein, a tyrosine kinase inhibitor, led to a complete block of p21raS activation, an effect that was not achieved with either U73122, which abolishes the 182 integrininduced Ca2+ signal, or wortmannin, which totally inhibits the phosphatidylinositol 3-kinase activity. Western blot analysis revealed that antibody-induced engagement of 132 integrins causes tyrosine phosphorylation of several proteins in the cells. One of these tyrosine-phosphorylated proteins had an apparent molecular mass of 95 kDa and was identified as the protooncogene product Vav, a p2lraS guanine nucleotide exchange factor that is specifically expressed in cells of hematopoietic lineage. A role for Vav in the activation of p2lras is supported by the observations that antibody-induced engagement of 132 integrins causes an association of Vav with p21ras and that the effect of genistein on p2lraS activation coincided with its ability to inhibit both the tyrosine phosphorylation of Vav and the Vav-p21ras association. Taken together, these results indicate that antibody-induced engagement of 132 integrins on neutrophils triggers tyrosine phosphorylation of Vav and, possibly through its association, a downstream activation of p2lras.
Integrins constitute one of the major families of cell surface receptors that mediate cell-cell and cell-matrix adhesive interactions (1) (2) (3) . These adhesive interactions play critical roles in migration, proliferation, and differentiation of different types of cells (2) (3) (4) . Integrins are composed of an a and a 13 transmembrane subunit originating from 16 a and 8 3 subunits that heterodimerize to form the different receptors (2) . Each of the members of the 132 integrin subfamily consists of a common 13 chain, CD18, and one of three unique a chainsi.e., CD1la, CD1lb, or CD11c. On human polymorphonuclear neutrophils (PMN), 132 integrins are the numerically and functionally dominant adhesion receptors, as exemplified by their role in the migration of PMN to areas of inflammation (5, 6) . Though much is known about both the structure and functions of 132 integrins, significantly less is known about how these receptors generate intracellular signals and how they regulate cell functions.
Protein tyrosine phosphorylation is one of the initial and common signaling events that occurs in response to integrin stimulation (4 (17) . For example, the association of the adaptor protein GRB2 and the p2lras guanine nucleotide exchange factor (GEF) SOS with focal adhesion proteins suggests that integrins may regulate the activity of p21ras (4, 17, 18) . This finding, together with the growing list of p2lras effectors (e.g., PtdInsP3 kinase and the small GTP-binding proteins Rac and Rho) implies that p2lras may play a central role in integrin-mediated cell signaling (19) (20) (21) (22) (23) .
The protein p2lras was originally found to be the key signaling protein involved in the regulation of cell growth. The activity of p2lras is regulated by GEF, which exchange GDP to GTP on p2lras, and by GTPase activating proteins, which accelerate the hydrolysis of GTP to GDP (24, 25) . Two putative GEF, Vav and hSOS, have been identified in human leukocytes (24) . Several investigators have proposed that the activity of Vav is regulated by tyrosine phosphorylation (26) (27) (28) (29) (30) . In contrast, hSOS regulates p21ras when it is recruited to the cell membrane by the adaptor protein GRB2, which binds to phosphotyrosine residues on Shc proteins or receptor tyrosine kinases (24, 31 (8, 34) . These plates and all tubes used for the cell incubations were pretreated with 10% heat-inactivated fetal calf serum (FCS) and subsequently washed with phosphate-buffered saline and a previously defined Ca2+ medium (35) .
Preparation of Human PMN. PMN were isolated from whole blood from healthy volunteers by dextran sedimentation followed by a brief hypotonic lysis and centrifugation on Ficoll-Hypaque (Pharmacia), as described (36, 37) . The obtained cell suspension consisted of -98% PMN, and the cell viability exceeded 98%, as determined by trypan-blue exclusion.
p21ras Activation Assay. Activation of p2lras in PMN was determined by analyzing the ratio of GTP to GDP bound to immunoprecipitated p2lras (38) . PMN were washed twice and then labeled at 37°C for 2 h with 2 mCi (1 Ci = 37 GBq) 32Pi/ml in a Ca2+/phosphate-free medium (39) supplemented with 0.1% bovine serum albumin (BSA). After washing, the cells were suspended at a concentration of 1.2 x 107/ml in Ca2+ medium supplemented with 0.1% BSA. Portions (800 ,1l) of the cell suspension were dispensed in each well of a 6-well plate and incubated at 37°C in 95% humidified air/5% CO2 for the indicated periods of time. To examine nonadherent control cells, 800 Al of the same suspension of PMN was incubated in FCS-coated Eppendorf tubes at 37°C for 30 min under constant agitation (10) . The reaction was terminated by adding 200 ,tl of ice-cold lysis buffer A [150 mM NaCl/5% Nonidet P-40/50 mM MgCl2/10 ,tg mAb Y13-259 per ml/100 mM Tris HCl, pH 7.5/protease inhibitors (i.e., 5 mM phenylmethylsulfonyl fluoride/5 mM Na3VO4/25 ,ug of leupeptin and aprotinin per ml)]. The samples were then incubated on ice for 30 min, after which they were centrifuged (15,000 x g for 10 min) to remove nuclei and cell debris. The lysates were immediately adjusted to 0.5 M NaCl/0.5% sodium deoxycholate/0.05% SDS and precleared with protein-A Sepharose beads for 1 h at 4°C. The p21ras-mAb Y13-259 complexes obtained by this procedure were collected by incubating the lysates with protein G plus Sepharose beads for 2 h under rotation. The beads were washed eight times with an ice-cold buffer (0.5 M NaCl/10 mM MgCl2/0.1% Nonidet P-40/ 0.005% SDS/1 mM Na3VO4 in 25 mM Tris HCl, pH 7.5) and subsequently resuspended in 25 p,l of 0.75 M KH2PO4 (pH 3.4). GDP and GTP were eluted from the beads by heating at 68°C for 10 min and then separated by thin-layer chromatography (TLC) on polyethyleneimine-cellulose plates (Merck) in 0.75 M KH2PO4 (pH 3.4), as described (38) . The positions of GDP and GTP on the plates were visualized under UV light by using unlabeled standards. The quantitations of radiolabeled GDP and GTP were accomplished with a Phosphorlmager (Fuji BAS 1000). (40) . The proteins were then separated on SDS/PAGE and electrophoretically transferred onto nitrocellulose membranes (41) . The presence of tyrosine phosphorylated proteins, Vav and p2lras, on the blot were detected with specific antibodies and a commercial ECL kit. In some experiments, the blots were stripped and reprobed according to the instructions given by the manufacturer.
RESULTS
Antibody-Induced Engagement of 132 Integrins Caused Activation of p2lras in Adherent PMN. To investigate whether p2lras is activated by antibody-induced engagement of 32 integrins on PMN, we determined the ratio of GTP to GDP bound to p2lras under various experimental conditions. The PMN nucleotide pools were labeled with 32P1, after which the cells were plated on surfaces coated with different types of antibodies. Fig. 1 shows that adherence of PMN to a surface coated with mAb IB4 (anti-CD18) triggered p2lras activation, with a ratio of GTP bound p2lras (i.e., the ratio between GTP and GTP plus GDP bound to p2lras) increasing from 14% in nonadherent cells to 25% and 32% in cells adherent for 15 (31, 32, 43) . Since ligation of 32 integrins on PMN has been found to stimulate all these signaling events (8, 10, 12, 14) , we investigated which of these signals is involved in the presently observed activation of p2lras. PMN were pretreated with inhibitors of these signals at 37°C for 10 min and then allowed to adhere to a surface coated with mAb IB4 (anti-CD18) in the presence of the same inhibitor. We found that genistein, a tyrosine kinase inhibitor (44), completely blocked this 12 integrin-induced activation of p2lras ( Fig. 2A) . Wortmannin, a PtdInsP3 kinase inhibitor with several other effects as well (45, 46) , inhibited this p2lras activation by about 40%, whereas U73122, an inhibitor of 132 integrin-induced Ca2+ signaling in PMN (our unpublished data and ref. 47 ), had no effect ( Fig. 2A) . Furthermore, as shown in Fig. 2B , the activation of-p2lras triggered by 32 integrin antibodies was not affected by daidzein, the inactive analogue of genistein, but was blocked by erbstatin, a tyrosine kinase inhibitor that competes with the substrates of tyrosine kinases (48) . It should be noted that, at the concentrations and incubation period used in the present study, none of these inhibitors had an effect on cell viability or the basal level of GTP and GDP bound to p2lras in nonadherent cells (data not shown).
Antibody- for /2 integrin-induced p2lras activation, our next endeavor was to investigate the proteins that were phosphorylated on tyrosine in PMN by such activation. We found that antibodyinduced engagement of 32 integrins stimulates tyrosine phosphorylation of a variety of proteins with apparent molecular weights of about 50-60, 95, and 190 kDa (Fig. 3 and Fig. 4A ). Two faint bands representing phosphoproteins with molecular weights of 36 and 42 kDa were also detected (Fig. 3) , and these became more prominent after immunoprecipitation (Fig. 4A) . The proteins in the range of 50-60 kDa were the most prominent ones, which is consistent with a previous report (9 (lanes 2-5) . Suspended cells that were incubated with mAb IB4 (15 ,ug/ml) for 30 min at 37°C and then washed served as controls (lane 1). In A and B, the precipitation of p21ras and determination of the ratio of GTP/ (GTP + GDP) bound to p21ras were performed as described in Fig.  1 . All data are given as means ± SD of four separate experiments.
antibody-induced engagement of 132 integrins (Fig. 3) , whereas wortmannin and U73122 had no such effects (Fig. 3) . In agreement with the results of Berton et aL (8) (Fig. 4B ). This effect, like that of p2lras activation (Fig. 2) , was also blocked by genistein (Fig. 4B) . Reprobing of the blots with an anti-Vav Ab was done to ascertain that each lane in Fig. 4B had received similar amounts of Vav (data not shown). In addition, when the samples were precipitated with anti-phosphotyrosine mAb PY20, we found that Vav was present only in the precipitates obtained from PMN with their 132 integrins engaged by antibodies (Fig. 4A) .
The role of Vav in the activation of p2lras caused by antibody-induced engagement of 132 integrins was further investigated by immunoblotting the anti-Vav immunoprecipitates with an anti-p21ras Ab. The results given in Fig. 5 show that p2lras was present only in the anti-Vav immunoprecipitates from PMN with their 132 integrins engaged by antibodies-i.e., not in such precipitates from resting cells. Interestingly, this observed association between p2lras and Vav was abolished by genistein (Fig. 5) .
DISCUSSION
The present study provides evidence that antibody-induced engagement of 12 (8, (12) (13) (14) , all of which have been implicated in the regulation of p2lras activity (31, 32, 43) . It was recently reported that Gg.-sensitive PtdInsP3 kinase plays a role in the regulation of p2lras activation in COS cells (43) . The fact that Gpy-sensitive PtdInsP3 kinase has been found in PMN (50) and our observation that antibody-induced engagement of 132 integrins triggers activation of PtdInsP3 kinase in these cells (14) indicate that this enzyme could be a regulator of the 12 integrin-induced activation of p2lras. However, the observation that wortmannin, which completely inhibits PtdInsP3 kinase activities in PMN (45) Activation of p2lras follows the replacement of GDP with GTP, an event mediated by GEF. Two putative GEF, hSOS and Vav, have been found in human leukocytes (24) . Of these, hSOS regulates p2lras when it is recruited to the cell membrane by GRB2 (31) . In activated T cells, GRB2 binds to several tyrosine phosphoproteins (pp36, pp76, and ppll6) and functions as an adaptor protein that couples the activation of a tyrosine kinase(s) with that of p2lras (52) (53) (54) . In the present study, we observed that a 36-kDa protein was tyrosine phosphorylated after antibody-induced engagement of (2 integrins (Fig. 4A) . However, we were unable to find any association of tyrosine-phosphorylated proteins with GRB2/SOS in PMN under our experimental conditions, although both hSOS and GRB2 were expressed in PMN (data not shown). More recently the protooncogene product Vav was identified as another GEF for p2lras (27, 30) . Antigen-receptor triggering has been shown to activate Vav by tyrosine phosphorylation and to cause the exchange of p21ras-bound GDP for GTP, resulting in the activation of p21ras in lymphocytes (26) (27) (28) (29) (30) . In our study, immunoprecipitation with either an antiphosphotyrosine or an anti-Vav Ab indicated that Vav is tyrosine phosphorylated after antibody-induced engagement Of (32 integrins on PMN. The role of Vav in the activation of p2lras is further supported by the findings that antibodyinduced engagement of (32 integrins caused an association of Vav with p2lras and that the effect of genistein on the activation of p2lras coincided with its ability to inhibit both the tyrosine phosphorylation of Vav and the Vav-p21ra association. Together, these results indicate that Vav is a plausible candidate for the role as the protein linking the activation of a tyrosine kinase(s) to that of p21raS in /32 integrin-stimulated PMN.
The major tyrosine-phosphorylated proteins in PMN after antibody-induced engagement of 32 integrins are in the range of 50-60 kDa. Berton et al. (8) have previously identified one of these 2 integrin-induced tyrosine phosphorylated proteins as the Src family tyrosine kinase FGR. In human monocytes, Vav has been indicated as one of the substrates of the Src kinase activation that follows stimulation with lipopolysaccharides, and inactivation of Src kinase impaired the activation of p2lras in these cells (55) . These observations suggest that a Src tyrosine kinase is the enzyme most likely responsible for the tyrosine phosphorylation of Vav following antibody-induced engagement of 32 integrins on PMN.
Although p2lras is well known for its regulatory role in cell proliferation and differentiation, emerging evidence indicates that p2lras promotes multiple signaling pathways as judged by the growing list of effectors (19) (20) (21) . It was recently reported that the activation of mitogen-activated protein kinase and the organization of the actin cytoskeleton in fibroblasts are separately regulated by p2lras, and that these two signaling pathways bifurcate at the level of p2lras itself (56) . In various cell types, active p2lras has been shown to activate PtdInsP3 kinase, Rac and Rho (19) (20) (21) (22) (23) , all of which are known to be downstream modifiers of the actin cytoskeleton (20) . Moreover, antibody-induced engagement of (2 integrins on PMN has been shown to trigger PtdInsP3 kinase activity (14) . Therefore, it is not unreasonable to suggest that p21ras is also an initial regulator of the actin cytoskeleton in the PMN, a cell which is terminally differentiated. Additional support for a crucial role of p2lras in integrin-mediated cell functions is provided by the following findings: GRB2 and SOS associate with focal adhesions in fibroblasts upon ligand binding to integrins (4, 17, 18) , and inactivation of Rho blocks the P2 integrin-mediated adhesion of PMN (57) . In agreement with this, we recently observed that inhibitors of protein carboxyl methylation, which prevent the -membrane translocation of p2lras (58) , effectively block the polymerization of actin in PMN following antibody-induced engagement of (2 integrins (unpublished results). 
